Eukaryotic cells have evolved to segregate cellular functions into specialized intracellular membrane compartments. Information regarding the precise intracellular localization of a poorly characterized protein is thus important when evaluating its function. However, localization per se, without additional information, is not sufficient to indicate the potential function of cytoplasmic, or cytoplasmic and nuclear proteins that account for almost half of the proteome diversity, when compared with proteins located in dedicated organelles, such as the Golgi apparatus or lysosomes. To tackle this need for additional information, we have implemented a live-imaging screening strategy that is based on changes in localization of fluorescently labeled cytoplasmic proteins studied upon the activation of cells. Indeed, cytoplasmic and nuclear proteins often respond to the activation of a given signaling cascade by translocating to another cell compartment, for instance by moving from the cytoplasm to the plasma membrane, or to the nucleus. Classical signaling proteins that translocate following receptor activation include AKT/PKB (1), raf1 (2) , or NF-KB (3) . Therefore, finding that a given cytoplasmic protein responds to the activation of a given signaling cascade provides further insight into its function.
Studies dealing with the deciphering of intracellular localization of the proteome have mainly used mass-spectrometry based approaches (4, 5) . Microscopy techniques have also been successfully used and validated: the localization of 97% of the yeast Saccharomyces cerevisiae proteome was achieved by tagging each protein with the fluorescent GFP protein (6) . In human cells, a similar approach with a fluorescently tagged full-length ORF plasmid collection was used for the GFP-cDNA localization project (7) and it was also completed in mice with the Alliance for Cellular Signaling (8) . The use of fluorescently tagged overexpressed proteins to probe intracellular localization was validated by protein correlation profiling although less correlation was observed for cytosolic proteins (9) . More recently, the Ͻ Ͻprotein AtlasϾ Ͼ project has found a good correlation between endogenous proteins localization using immunofluorescence techniques compared with intracellular localization of the same proteins as determined in the GFP-cDNA localization project (10) . Therefore, the cDNA library of this GFP-cDNA localization project was selected for our live-imaging screen: from this library, we screened the proteins that had been identified residing in the cytoplasm or cytoplasm and nucleus.
The signaling pathway that we selected for our case study is governed by the Gq-coupled tachykinin NK2 receptor, a prototypical G protein-coupled receptor (GPCR) 1 , that triggers an elevation of intracellular calcium concentration upon activation with the neuropeptide, neurokinin A (11) . GPCRs share a common overall structure with 7-transmembrane alpha-helices embedded in the lipid bilayer mostly at the cell surface, from where they receive ligand-mediated messages to transduce into metabolic intracellular responses. The main, but not exclusive, intracellular effectors of GPCRs are heterotrimeric G proteins that belong to several groups depending on their secondary messenger modulation (Gq/11 : calcium elevation, Gs : cAMP elevation, Gi/o : cAMP reduction, G12/13 : actin cytoskeleton rearrangements) (12) . Sustained activation leads to desensitization of the receptor through phosphorylations by specific GPCR kinases or Protein Kinases A and C (PKCA) that modify serine, threonine, and tyrosine residues on the intracellular part of the receptor. These phosphorylations participate in the uncoupling of the receptor from the G-proteins and the recruitment of betaarrestins, such as ARRB2, that serve as specific adaptors of clathrin-coated pit formation. The receptors then internalize (13) .
These receptors have an extremely dynamic and flexible structure, and it has been shown in recent years that they can adopt multiple conformations that can be differentially stabilized depending on the extracellular ligands. This is at the origin of complex signaling cascades that depend on the conformation adopted by the receptor and on its capacity to stimulate intracellular effectors (now referred to as "biased agonism") (14) . Not all the signaling cascades following activation have been fully characterized, making these receptors good targets to search for undiscovered cytoplasmic proteins involved in their signaling pathway.
The present article is dedicated to the full description of the results obtained in this live-imaging screen. Previously, we reported the identification and characterization of one of these translocated proteins, REDD1, as a novel target of GPCR signaling (15) . The data are compared with the results of phospho-proteome investigations of signaling pathways governed by GPCRs (16 -22) .
EXPERIMENTAL PROCEDURES
Cell Culture-HEK293 cells and clonal cell lines stably expressing either human NK2Gly361Glu Receptor, or CLIC2-mYFP or CLIC4-mYFP were cultivated as previously described (23) . (15)-On day 0, HEK293 cells expressing the non-fluorescent NK2-Gly361Glu receptor (NK2R-HEK cells) were plated into 8-well Labtek chambers with glass-slides (NUNC). On day 1, 150 ng of individual vectors were transiently transfected using the calcium phosphate technique. Each clone was transfected twice, in two separate eight-well chambers. Transfection efficiency was of at least 80% unless otherwise stated (column headed "localization during screening" of the supplemental Table S1 and on the web site http://www.gfpcdnalive-gpcr.cnrs.fr). Each fluorescent protein was observed after 24 h of expression under the spinning-disk ultraview confocal microscope (Perkin Elmer) equipped with an incubation box allowing maintenance at 37°C using the 63 ϫ objective. The majority of the screened fluorescent proteins presented a level of expression that was in the range of expression of ARRB2-YFP and PKCA-YFP, the two proteins used as positive controls for translocation. Weak expression of a given fluorescent protein is also indicated (supplemental Table S1 and on the web site). In addition, the field to be filmed (displaying around 5-10 cells) was chosen manually by assessing the fluorescent expression of each cDNA clone in all the cells of the well from the Labtek chamber. Cells selected displayed a localization of the fluorescent signal that was representative of the transfected cells in the well. Cells were also chosen for detectable but low and homogenous amount of emitted fluorescence. Images acquisition was recorded for 90 s in the case of the activation process : the focus was placed in the z axis middle of the cell; activation with 100 nM NKA (in synthetic buffer HEPES-BSA, in mM: 137.5 NaCl, 1.25 MgCl 2 , 1.25 CaCl 2 , 6 KCl, 5.6 glucose,10 HEPES, 0.4 NaH 2 PO 4 , 1% bovine serum albumin (w/v), pH 7.4) was performed after 20 s recording while acquisition was in progress, allowing the visualization of the fluorescent protein before activation and its eventual short-term translocation upon induction. Unless otherwise stated on the website: image acquisition was continuous with exposure-time between 399ms to 999ms with Binning 1 for YFP samples and Binning 4 for CFP samples. Videos were generated using ImageJ software. Videos are accelerated showing 4 frames/ seconds. The activation time, at around 20 s, is detectable on the videos by a change in the focal plane, because of the tips of the pipette slightly touching the culture plate. Sometimes, the focal plane was manually moved during the recording. This is indicated on the website. After activation, subsequent short videos of around 15 s were recorded ϳ1 h and 4h after activation, this information is indicated on the website. If some translocation was detected during the experiment, the second well with the same clone nonactivated was first analyzed to verify that there was no change in localization of this un-activated clone. In a second time, this un-activated clone was used to reproduce the experiment of NKA activation.
Live-imaging Screening by Microscopy as Described in
Creating Generic Expression Vector With the LIC System-The CLIC2 and CLIC4 fragments were generated by PCR using pdhumanCLIC-EYFP as a template (7) . Expression vectors for fusion proteins containing the mYFP fluorophore were generated with the LIC method as described in (23) . The CLIC protein are separated from the mYFP by a six-residue linker, LeuSerAsnGluAsnGlu.
Confocal Fluorescent Microscopy-Cells were plated in 24-well plates on 12-mm glass coverslips for 24 h. Cells were activated in synthetic HEPES-BSA buffer with agonists for different period of time. Then, cells were rinsed in warm PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgCl 2 ) then fixed for 12 min. in paraformaldehyde 4%/glutaraldehyde 0,05%/TritonX-100 0,05%/ 1xPHEM. Coverslips were rinsed with PBS, then incubated 10 min. twice in NaBH4 1 mg/ml. Actin was detected by a 15 min. staining with 1 Unit Texas-Red-X-Phalloidin (Molecular Probes, Invitrogen, Illkirch, France). Coverslips were mounted onto microscope slides using Mowiol antifading agent (Calbiochem, Molsheim, France). Image acquisition was performed as described in (23) with an inverted microscope (Leica, Nanterre, France) and a laser scanning confocal imaging system (SP2-UV or AOBS SP2 RS) using a HCX PL APO CS 100.0 ϫ 1.40 oil immersion UV objective. To obtain a good signal to noise ratio, the images were averages from eight consecutive acquisitions.
Live-confocal Microscopy-HEK293 cells stably expressing CLIC2-mYFP or CLIC4-mYFP were plated into four 8-well Labtek chambers with glass-slides (NUNC). Two days later, cells were incubated 3 h in 200 l of synthetic HEPES-BSA buffer. Image acquisition was performed with an inverted microscope and a laser scanning confocal imaging system (Leica-SP8) using a HCX PL APO CS 63 ϫ 1.20 oil immersion objective. Activation was performed with 22 l agonists in HEPES-BSA buffer (final concentration ACh, 10 M, LPA 1 M) or with 22 l vehicle as a negative control. Images were acquired in multiposition mode (4 positions) over 15 min with zstacks. Each video was generated using FIJI software and represent all the z-stack images at a given time-frame. 
RESULTS

Setting-up the Translocation Screen of the Cytoplasmic
Protein Collection-The aim of the screen was to find cytoplasmic proteins that would respond to activation of the cells with the agonist neurokinin A (NKA) by changing their intracellular localization as an indication that the hit protein might be a downstream target of the NK2 receptor signaling cascades. Fig. 1A presents examples of changes in intracellular localization expected to occur for a cytoplasmic protein fluorescently labeled upon activation of the cells with the neuropeptide agonist. Upon activation of the cell expressing NK2 receptors with NKA, a cytoplasmic protein could, for example, translocate into the nucleus, or to the plasma membrane, or could migrate toward intracellular structures.
The human tachykinin NK2 receptor that we used was mutated in its C-terminal tail at position Gly 361 (replaced by Glu). This mutation results in a predominant coupling with heterotrimeric Gq protein and triggers an intracellular calcium increase upon NKA stimulation, but no cAMP accumulation, contrary to the wild-type receptor (25) . This mutant receptor was chosen to bias the assay toward Gq-coupling and calcium signaling. Human Embryonic kidney cells, that do not express endogenously tachykinin receptors (26) were stabilized to over-express human NK2-Gly361Glu receptor (NK2R-HEK cells).
In practice, NK2R-HEK cells were transiently transfected with individual vectors from the fluorescently tagged human full-length ORF plasmid collection encoding cytoplasmic proteins (7) . This plasmid collection is composed of ORFs of poorly characterized function that are fused in-frame with the cDNA encoding a fluorescent protein (ECFP on the Nter of the ORF and alternatively EYFP Enhanced Yellow Fluorescent protein on the Cter of the ORF). Optimizations were made to determine the amount of DNA to be transfected such that it would be suitable for screening the entire plasmid collection. This optimization was performed by testing four clones of the library, together with two positive control vectors: (1) PKCA, previously, we have shown that Protein Kinase C (PKCA) phosphorylates the NK2 receptor upon activation (27) and this implies PKCA translocation from the cytoplasm to the plasma membrane in a very transient manner within seconds (illustrated for PKCA-YFP in Fig. 1A) . (2) beta-arrestin 2, we have also shown that beta-arrestin 2 (ARRB2) translocates at the plasma membrane, interacts with the activated receptor (23, 28) and triggers the internalization of NK2R into clathrin-coated vesicles (illustrated for ARRB2-YFP in Fig. 1A ). Thus, ARRB2-YFP displays a fast, but sustained, translocation upon NKA activation. Of note, we observed that ARRB2-YFP translocation is best detected when the level of expression of the protein is low. Thus, the level of DNA to be transfected was adjusted in order to give a good transfection efficiency, whereas maintaining low expression of the encoded fluorescent protein.
In another control experiment setting-up the screen, we confirmed that HEK293 cells without exogenous expression of the NK2 receptor that were transiently transfected with PKCA-YFP or ARRB2-YFP, did not show translocation of these fluorescent proteins when treated with the NKA ligand. There was also no change in the actin cytoskeleton upon addition of NKA to HEK293 cells without exogenous expression of NK2 receptor. We have also never detected any binding of the radiolabeled selective NK2-antagonist, SR48989, or of the fluorescently labeled NKA to HEK293 cells without exogenous expression of NK2 receptor or any calcium responses to NKA (25, (27) (28) (29) . Therefore, we are confident that changes in localization of a given fluorescent protein upon NKA stimulation occur because of the specific activation of the tachykinin NK2 receptor overexpressed in NK2R-HEK cells.
Twenty-four hours after transfection, the precise localization of the cytoplasmic fluorescent protein under study was analyzed in living NK2R-HEK cells using a spinning-disk confocal microscope. Fluorescence of the cells was recorded for ϳ20 s before NKA activation, then followed for over a minute. Further videos were recorded depending on the behavior of the cells and/or of the fluorescent cytoplasmic protein under observation. Eight rounds of transfection were necessary to screen the vector collection (almost 400 individual vectors) and at each transfection, the positive control vectors expressing fluorescently labeled PKCA-YFP and ARRB2-YFP were tested in duplicate. ARRB2-YFP was found to translocate during the first 70 s of activation 13 times out of 16. Within minutes to hours after NKA activation, the majority of the cells in a well were found to display ARRB2-YFP around vesicles in all the experiments (16 out of 16). PKCA-YFP was found to translocate during the process that recorded activation 13 times out of 16. Of note, 2 videos display a very faint and transient translocation of PKCA-YFP (videos "T3pvideo 2" and "T5video 1" on the website).
Global Analysis of the Results of the Screening-Since the first description of the fluorescent cDNA library, most of the proteins encoded by this collection of expression vectors are now fully annotated and some functions have been attributed to them as well. However, the whole screening procedure, the analysis of the movies and the criteria for selecting the potential hit proteins were performed in blind by using the identification number associated with each vector without the knowledge of the protein encoded. The final analysis of the proteomic data was achieved with the knowledge of the proteins encoded.
The Name and Swissprot ID of each screened protein is indicated in Table I . We screened 140 fluorescent fusion proteins that had previously been determined as localizing in the cytoplasm of resting cells (7) and 53 that were localized both in the cytoplasm and the nucleus. Each of these proteins was screened once with the fluorophore ECFP fused to its amino-terminal part and once with the fluorophore EYFP fused to its carboxyl-terminal part (unless otherwise stated). Fig. 1B indicates the repartition of the screened proteins according to the known biological processes in which they are described in the uniprot database at http://www.uniprot.org/. The screened proteins belong to 13 categories of biological processes, with the addition of two categories for proteins that are still of unknown function (22% of the screened proteins) and for clearly mislocalized proteins (4% of the screened proteins), such as integral membrane proteins and those that should be secreted. Categories representing around 10% of the screened proteins are: cell cycle, protein transport, signal transduction, and transcription regulation.
Fifty-six proteins were selected as potential hits and were classified into three different classes according to their localization depending on the activated state of the cells (1, special localization before activation; 2, fast translocation upon activation (usually recorded in the video of activation); 3, slow translocation observed several minutes or hours after NKA activation). Fifty-three fluorescent proteins (27% of the screened proteins) displayed a special localization before activation, in addition to their diffuse location in the cytoplasm or the cytoplasm ϩ nucleus, that could be associated, for example, to fast moving vesicles or dots, centrosomes, cytoskeleton, mitochondria or undefined structures (green cases in Table I ). Fig. 1C illustrates the proportion of these proteins with specific localizations according to their known biological function: categories representing around 10% or more of these 53 proteins are: unknown (20%), protein transport (16%), and cytoskeleton element (10%).
Eight fluorescent proteins were selected because they displayed translocation upon NKA activation of NK2R-HEK cells (yellow cases in Table I ). Six of them already displayed a special location before activation (ARHGAP12, BAIAP3, CLIC2, PLEKHH2, SPATC1L), the others being BIN1, PKM2, Blebbing is a protrusion of the plasma membrane that looks like a bubble and that occurs because of the transient uncoupling of the lipid bilayer from the underlying cortico-cytoskeleton (30) . It happens both physiologically (for example, during mitosis and cell migration) or upon cellular stresses (apoptosis, necrosis, cell-substrate detachment and even as a lightartifact observed during microscopic analysis of living cells). Among the videos recorded upon cell activation by NKA, 30% display membrane blebbing of the cells. Activation of GPCRs has been described as triggering a cellular blebbing that lasts several minutes and is continuously dynamic (31) . On the other hand, the blebbing observed during our screening occurred just after activation and was short-lasting. In addition, although HEK293 cells are adherent, they can easily detach from the surface of the slide on which they grow. The blebbing observed during recordings of NKA activation appeared to be mainly because of cell detachment and shrinkage.
The results of the video analysis are listed in the supplemental Table S1 in which proteins are classified by their name (as well as their full-name, original clone ID, cDNA ID, Swissprot ID and fusion orientation). supplemental Table S1 also presents (1) the localization of the endogenously expressed protein as determined by immunofluorescence studies in (10) (2) the known biological processes, (3) the localization of the fluorescent clone as determined in the original study of intracellular localization (7) compared with the localization observed during the screening. Also noted are any noticeable features at the time of the screening, the classification of the protein dynamics categories (special location or moving vesicles or dots or translocation) and the cell dynamics categories (detachment, shrinkage or blebbing).
Most of the videos recorded during the live-imaging screen can be viewed on-line at http://www.GFPcDNAlive-GPCR. cnrs.fr, in which the proteins of interest are listed in a table similar to supplemental Table S1 . The videos of the positive controls, ARRB2-YFP and PKCA-YFP, transfected at each round of transfection, are also displayed on the website.
Fluorescently Labeled Proteins Identified During the Screen that Display Specific Localizations Independent of Both the Expression and the Activation of NK2
Receptor-53 fluorescently labeled proteins were identified during the screen with an additional localization other than the cytoplasm and/or nucleus. 47 of them did not respond to NKA application.
Interestingly, not all of these specific localizations were described in the original screening for localization performed in Vero cells (7) . However, most of those identified correlate well with the known biological processes that have been attributed to the corresponding proteins (see supplemental Table S1 ). These results are an indication of the reliability of the screening procedure for detecting intracellular localization.
Figs. 2 and 3 show images extracted from the videos of NK2R-HEK cells expressing some of these fluorescently modified proteins with the expected specific localization. Several proteins implicated in the UBL-conjugation pathway were detected during the screen for their localization in vesicles, probably corresponding to different compartments of the endocytic pathway (UBAP1, UBQLN1, NAE1, VPS39 Fig. 2A , 2B, 2C, 2D respectively and corresponding videos). Likewise, proteins known to be implicated in autophagy (MAP1LC3B, GABARAPL1, WIPI2, and GABARAPL2) were all detected for their specific localizations, that possibly correspond to autophagic structures (Fig. 2E, 2F , 2G, 2H, respectively and corresponding videos).
Noticeable differences can be found in the pattern of the fluorescent signal according to the fusion orientation of the fluorophore with respect to the protein tested for proteins that carry signals on either their Nter parts (such as signal peptide) or their Cter parts (like autophagic proteins, such as GABARAPL1, that becomes conjugated with phosphatidylethanolamine on its cleaved C terminus) as was expected and observed previously (7) . Fig. 3 shows images of NK2R-HEK cells expressing fluorescently labeled proteins with known localizations, but for which we have found that this localization depends upon the fusion orientation. For example, VCPIP1 is implicated in protein transport between the endoplasmic reticulum (ER) and the Golgi apparatus. Although the VCPIP1-YFP became excluded from the nucleus and associated with the ER membrane (Fig. 3B, and 7 videos on the website), the CFP-VCPIP1 localized in cytoplasm and is enriched in vesicles ( Fig. 3A and 2 videos on the website). The transcription regulator, CFP-NEMO ( Fig. 3C and 2 videos on the website), was more abundant in nucleus speckles than was NEMO-YFP ( Fig. 3D and 1 video on the website) (32) . The RNA-binding protein, CFP-PATL1, was less abundant than PATL1-YFP in PML bodies (Fig. 3E and 3F , 2 and 5 videos on the website respectively) (33, 34) . Finally, although the cilium protein, CFP-AHI1 localized in the cytoplasm and concentrated in cilium-like structures, the AHI1-YFP localized in the cytoplasm and concentrated into one or two large cytoplasmic spots (Fig. 3G and 3H , respectively, 3 videos each on the website) (35) .
For other fluorescently labeled proteins, the identification of a specific localization is a novel information including, most of the time, a different pattern depending on the fusion orientation. CFP-YTHDF3 was excluded from the nucleus whereas the protein with the fluorophore on its Cter was enriched in spots of the nucleus (Fig. 4A and 4B , 2 and 9 videos on the website respectively). Fluorescent YTHDF2 fusion is described in the literature (36) and it becomes phosphorylated upon Gq-AT1 receptor activation (17) . Fluorescent PDLIM5 was enriched at microtubule-like cytoskeleton elements whether fused to the Cter (Fig. 4C, 4 videos on the website) or to the Nter (not shown). In the literature, homologs of PDLIM5, such as LMP1-GFP (37) or GFP-Enigma (ϭ PDLIM7) have been found associated with the actin cytoskeleton (38, 39) . CFP-CIAPIN accumulated at the ER membrane whereas CIA-PIN-YFP did not (Fig. 4D) . WDR91-YFP and PHYHIPL-YFP, both proteins of unknown function, concentrate in cytoplasmic dots (Fig. 4E and 4F, 3 and 2 videos on the website, respectively). Novel localizations are also illustrated in Figure  5 : CFP-COG4, implicated in protein transport at the Golgi apparatus, was enriched in vesicles ( Fig. 5A) (40) , CFP-FAM58A and CFP-GPBP1, implicated in transcription regulation, are enriched in dots and vesicles ( Fig. 5B and 5C ). Both the CFP-NBPF3 and the unknown testis-expressed sequence 40 protein CFP-TEX40 displayed perinuclear localization (Fig.  5D and 5E and 2 videos on the website). STMN1, which is implicated in microtubule dynamics and becomes phosphorylated upon AT1R and CXCR4 activation (17, 18, 20) displayed a vesicular localization when tagged on its Nter part that was not described previously for the same fusion protein (Fig. 5F) (41, 42) .
Fluorescently Labeled Proteins Identified During the Screen that are Potentially Implicated in Blebbing-Although the blebbing of activated NK2R-HEK cells observed during the screening was mainly because of cell detachment and not to NK2R activation per se, it allowed us to detect two fluorescently labeled proteins displaying a peculiar translocation toward blebs, suggesting that these proteins might have a role in triggering bleb formation and/or resorption (Fig. 6) .
ARHGAP12-Fluorescently labeled ARHGAP12 was found in a reproducible manner to accumulate at the plasma membrane at the circumference of the entrance of the blebs (see Fig.  6A -6B and 9 videos on the website). It mainly accumulates at the circumference when blebs are retracting and it stays enriched at the plasma membrane zone, like a scar, after the bleb has resorbed. ARHGAP12 belongs to the Rho-GAP family containing GTPase-activity toward the small G-protein Rho (43) .
Blebbing is triggered by RhoA/Rock signaling and thus it is interesting to find the precise localization of ARHGAP12 at the entrance of the bleb upon retraction, especially as it is difficult to determine the role of each one of the Rho-GAP family members (probably at least 70 proteins in human).
PKM2-Upon blebbing, PKM2-YFP was found to accumulate inside the bleb when compared with most of the other fluorescently labeled proteins (see Fig. 6C-6D and corresponding video). The pyruvate-kinase isoenzyme 2, PKM2, has been found in exosome extracts (44) but it has not yet been reported to be present in blebs. Interestingly, PKM2 interacts with DAPK that triggers blebbing upon necrosis (45) . Tyrosine-phosphorylation of PKM2 was significantly increased in the cortical frontal region of the brain of morphinedependent rats (16) . 
Fluorescently Labeled Proteins That Respond to NKA Activation by a Rapid Change in Intracellular Localization
Identified During the Screen-During the screen, two fluorescently labeled proteins were rapidly translocated to the plasma membrane upon NK2 receptor activation : REDD1-YFP and BIN1-YFP. The mechanism of REDD1-YFP translocation has been confirmed and characterized in our previous study (15) , demonstrating that REDD1 is a novel link between GPCR and the mammalian Target Of Rapamycin Complex 1 mTORC1 kinase signaling that regulates translation.
BIN1-BIN1-YFP was localized in the cytoplasm before activation of the cell. Several seconds after activation, part of the fluorescent signal appeared at the plasma membrane (Fig.  6E-6F and 6 videos on the website). BIN1 (also known as Amphiphysin2) participates in clathrin-coated pit formation (46) and therefore it is interesting to detect that it responds to the activation of the NK2 receptor, a receptor that internalizes via clathrin.
Of note, another protein tested during the screening, SGIP1, participates in specific cargo loading into clathrincoated pits (47) . In our screen, SGIP1 displayed a special localization before NKA activation. Indeed, SGIP1-YFP, and to a lesser extent, CFP-SGIP1, were concentrated in dots at the plasma membrane similar to those formed by GFP-clathrin (Fig. 6G-6H) (48) . SGIP1 was not found to react upon NK2 receptor activation suggesting SGIP1 is unnecessary for NK2 receptor internalization (Fig. 6G-6H and 12 videos on the website). This might be explained by the fact that beta-arrestins are specialized in loading GPCRs into clathrin-coated pits and that no further clathrin-associated sorting proteins are required.
Identification of Fluorescently Labeled Proteins that Respond to NKA Activation by a Long-lasting Change in Intracellular Localization-
BAIAP3-Upon NK2 receptor activation, CFP-BAIAP3 (that otherwise localizes within the cytoplasm and in vesicles) partially translocated to the plasma membrane where it stayed for several minutes (Fig. 7A-7B and 5 videos on the website). BAIAP3 was first isolated during a two-hybrid screen as a binding partner of the carboxyl-terminal part of the BAI1 adhesion GPCR and its function is still unknown (49) . Our data show that BAIAP3 responds to Gq-coupled receptor stimulation.
PLEKHH2-At steady state, PLEKHH2-YFP was present in two other specific structures in addition to a cytoplasmic localization: A few big aggregates inside the cytoplasm and small individual spots at the plasma membrane that were grouped ( Fig. 7C and 7 videos on the website). These assemblies of spots are probably at the level of the interaction between the plasma membrane and the surface of the glass slide. After several hours of NKA activation, the small individual spots rearranged into several short linear succession of dots, usually in lamellipodia (Fig. 7D) . Our data illustrate a very peculiar localization of PLEKHH2 and indicate that it responds to activation of a prototypical Gqcoupled receptor.
SPATC1L-This speriolin-like protein is of unknown function, whereas speriolin is a spermatogenic cell-specific centrosomal protein (50) . Before activation, CFP-SPATC1L was distributed in the cytoplasm, the nucleus and in the perinuclear region. After one hour of activation, fluorescence was also detectable at the top of the cell-cell junction (see the 5 videos on the website).
CLIC2-At steady state, fluorescently labeled CLIC2 was found in the cytoplasm and in the nucleus but it was also enriched in plasma membrane bundles (Fig. 7E) . Upon NKA activation, some CLIC2 expressing cells displayed rapid and transient translocation of the fluorescent signal, then the bundle structures spread and the protein became more diffuse at the plasma membrane (Fig. 7F) . These specific localizations before activation and after NKA, the diffuse plasma membrane staining occurred with both orientations of the fusion protein with the fluorophore (CFP-CLIC2 and CLIC2-YFP, 10 and 6 videos on the website, respectively). This was a slow process that lasted over an hour after NK2 receptor activation. CLIC2, 247 residues, belongs to the CLIC family of Chloride Intracellular Channel proteins that include 6 cytoplasmic proteins of unclear function (51) .
More importantly, CLIC4 has been previously described to transiently translocate to the plasma membrane upon activation of the G12-coupled receptor LPA via a RhoA mechanism (52) . CLIC4 is present in the GFP-tagged plasmid collection but was not included in the original screen. We decided to further study the behavior of CLIC2 and to extend the analysis to CLIC4. Stable HEK293 cell lines were generated, expressing either CLIC2-mYFP or CLIC4-mYFP. The two fluorescent proteins display the same pattern of localization (Fig. 7G and 7I for CLIC2-mYFP and videos of CLIC2 and CLIC4 on the website) : cytoplasmic, nuclear and enriched in plasma membrane bundles. Latter, the bundles get numerous at the top of cells when the cells reach confluence. Stable cell lines were observed live under a confocal microscope at 37°C near confluence. When endogenously expressed muscarinic M3 Gq-GPCR was activated with 10 M of its acetylcholine agonist, the CLIC2-mYFP became slightly enriched at the plasma membrane and then, over a period of 60 min, some of the proteins underwent re-organization at the top of cell junctions and the bundles diminished in number (Fig. 7H and videos on the website). Several GPCRs responding to the LPA agonists are endogenously expressed in HEK293 cells. When these receptors were activated with 1 M LPA, fast translocation of CLIC2-mYFP to the plasma membrane was triggered and physiological blebbing was observed (see on the website, the last videos taken over a period of 17 min activation with LPA following a section in the middle of the z axis of the cells). This was followed by a strong rearrangement within the cell and part of the CLIC2-mYFP accumulated over a period of 60 min at the top of the cell, where they form junctions although the bundles enriched in CLIC2-mYFFP did not diminish in numbers (Fig. 7J and the 8 videos on the website). We found that CLIC4-mYFP responded to LPA in the same manner as CLIC2-mYFP (2 videos on the website).
To get further insight into the change in localization of the CLIC2 protein upon activation of GPCRs, CLIC2-mYFP-expressing cells were treated with muscarinic M3 agonist, fixed and stained with Texas-Red phalloidin to detect the actin cytoskeleton. Before activation, the CLIC2-mYFP is localized in the cytoplasm and the nucleus (Fig. 8A, 8D ) and is enriched in plasma membrane bundles at the top of the cells and the fluorescent protein co-localize with the actin cytoskeleton (Fig. 8G CLIC2 -mYFP, 8H Actin, 8I overlay). One hour after activation of the cells, the CLIC2-mYFP signal at the top of the cell is re-organized at the cell-cell junctions where actin is also enriched (Fig. 8P CLIC2 -mYFP, 8Q Actin, 8R overlay).
Hence, we describe CLIC2 and CLIC4 as novel proteins that rearrange to cell-cell junctions upon stimulation of at least two GPCRs.
DISCUSSION
One hundred ninety-three human proteins or open-reading frames, fluorescently labeled at their N terminus and alternatively their C terminus, were independently transfected in cells stably expressing a GPCR, the tachykinin NK2 receptor. The fluorescence of each protein was then observed in the cytoplasm of the cells using confocal microscopy. The process of cell activation with the NK2 receptor agonist was recorded on videos at different time points and positive fluorescent clones were selected based upon a change in their intracellular localization. The screening reveals new specific intracellular localizations, specifies which end of the protein can be properly tagged and more importantly, identifies eight proteins that responded by translocating to the activation of the Gq-coupled NK2 receptor.
Four percent of the tested proteins were found to potentially respond to NK2 receptor activation. By comparison, the recent studies by mass spectrometry that have identified proteins that belong to GPCR signaling pathways by quantitative phosphoproteomics have usually found that 5% to 10% of the 2000 to 3000 phosphorylated proteins detected were modulated by GPCR activation. Hence, 5% of the detected phosphoproteome were found modulated by activation of the G12-coupled lysophosphatidic acid (LPA) receptors (19), 5-15% by activation of the Gi-coupled CXCR4 chemokine receptor (18, 20, 22) , 10% were modulated by activation of the Gs-coupled V2 receptor (21) and up to 20% when the Gq-coupled angiotensin II type 1 AT1R was activated (17) .
In our screen, no hit was detected for cellular processes like autophagy, cell cycle, cell death, cilium, differentiation, mitochondria, transcription regulation or ubiquitin-like (UBL) conjugation pathway. This might infer that proteins from these biological processes do not respond by changing their intracellular localization. Indeed, proteins of the UBL-conjugation pathway become phosphorylated upon activation of GPCRs, such as WIPI2, UBAP2L (17, 22) and UBA1 (17) . WIPI2, UBAP1, UBA5, and UBA6 are present in the collection of fluorescent ORFs and were screened, but were negative for translocation. However, one would have expected to detect nuclear translocation of fluorescently labeled-proteins implicated in transcription because this function was well represented in proteins from our screen (Fig. 1B) . Slow and sustained translocation to the nucleus would have been identified, although the set-up of the screen, which did not use multipositioning of the confocal platform at the time of activation, could account for missing some proteins that were translocating rapidly and transiently. It is probable that a live-imaging screen using the complete cytoplasmic proteome fluorescently labeled, instead of only a subset of 193 proteins, would result in the identification of proteins that respond to NK2 receptor activation by nuclear translocation.
Proteins Downstream of Calcium Secondary Messenger Identified in the Live-imaging Screen-Most phosphoproteome analyses of GPCR signaling have detected modulation of several components of the mTOR translation regulation pathway, but the mTORC1 inhibitor, REDD1, was not among the phosphoproteins detected in these studies (17, 18, 20 -22) . This is probably because of the low abundance of this ubiquitously expressed protein and also because our previous study on REDD1 has shown that its main phosphorylated residues (ser19, thr23, and thr25) were not necessary for REDD1 translocation in response to GPCR activation (15) . Low abundant proteins and the absence of triggered phosphorylations are two obvious drawbacks of the phosphoproteomic approaches for analyzing new proteins of the GPCR signaling pathways. In our previous study, the translocation of REDD1 was further characterized using a quantitative assay based on Bioluminescence Resonance Energy Transfer performed in living cells that permits quantification of dynamic interactions of proteins with the plasma membrane (15) . Using this technique, we could show that REDD1 is specifically translocated to the plasma membrane in response to activation of five out of six endogenously expressed GPCRs that were tested, namely, those that couple preferentially to Gq, Gs or Gi heterotrimeric G proteins, but not to G12. Calcium elevation was found to be necessary although not sufficient. It would be interesting to implement this plasma membrane BRET assay in the case of the BAIAP3 protein that we identified in the screen. Indeed, BAIAP3 contains a C2 domain that is a structural domain involved in targeting protein to cell membranes and that can bind calcium. Considering that PKCA contains a prototypical C2 domain implicated in its plasma-membrane targeting, the C2 domain of BAIAP3 might have triggered its calcium-dependent translocation to the plasma membrane.
NK2 Receptor Internalization after Activation-Upon stimulation of the NK2 receptor, the translocated ARRB2 binds the receptor and targets it to clathrin-coated pits. We have now found that the fluorescent BIN1-YFP rapidly translocates to the plasma membrane upon cell activation with NKA as well. The fluorescent signal of BIN1-YFP was different from the signal of ARRB2-YFP. After plasma membrane translocation, ARRB2-YFP concentrates with receptors in plasma membrane domains that become internalized (28) and the 15 videos recorded during the screening on the website). After translocation, the BIN1-YFP signal does not concentrate or internalize. BIN1 does not follow the receptors inside the cell, which is in agreement with its role, because BIN1-mcherry, has been found to be recruited early to the nascent clathrincoated pit and to induce membrane curvature through its BAR domain (Bin-Amphiphysin-Rvs) before scission (53) . Because BIN1 is implicated in several brain diseases (46) , its specific recruitment by GPCR activation at the plasma membrane might have a significant functional role, because GPCRs are enriched in the central nervous system.
Of note, other proteins of the endocytic machinery are targeted by GPCR activation: dynamin 1, the AP2 subunit beta1 and AP2-associated protein kinase 1 are becoming phosphorylated upon LPA activation (19) , PACSIN1 upon angiotensin II stimulation (17) .
Cytoskeleton Rearrangement-It is well established that GPCRs modify cytoskeletal dynamics, acting on both tubulin and actin (54) . NK2R-HEK cells activated with NKA also display actin rearrangements. The dynamics of the actin cytoskeleton are regulated by the small Rho-GTPases, and the regulators of their GTP cycle: the GTPase activating proteins GAP, the guanine nucleotide exchange factor (GEF) and the guanine nucleotide dissociation inhibitors (GDI). Using phophoproteomic approaches, the G12-coupled LPA receptor and the Gi-coupled CXCR4 chemokine receptor were the main receptors found to trigger phosphorylation of proteins implicated in motility and adhesion (19, 22) . In particular, several ARHGAP members were identified : ARHGAP29 phosphorylated upon LPA activation (19) , ARHGAP15 upon CXCR4 activation (20) . Interestingly, ARHGAP5 and 21 became phosphorylated upon activation of the Gq-coupled AT1R (17) . The only ARHGAP that was tested in our screen was ARHGAP12 that reacted upon blebbing of the cells. It might be of interest to test whether some ARHGAP proteins translocate upon GPCR activation or whether other members of this protein family display specific translocation during the blebbing process.
The following proteins, that are known or suspected to associate with cytoskeletal elements, were not previously identified as participating in GPCR signaling:
The intracellular localization of PLEKHH2-YFP that we have observed, is in agreement with the involvement of PLEKHH2 in cell adhesion and association with actin. PLEKHH2 is mainly described in the kidney, where it is considered to be a podocyte protein involved in matrix adhesion (interaction with the focal adhesion protein Hic-5 was detected by two-hybridscreening) and actin dynamics (55) . PLEKHH2 is a large protein of 1493 residues that contains two domains found in a number of cytoskeletal-associated proteins (FERM and MyTH4) and two Pleckstrin-Homology PH domains often present in intracellular signaling and/or cytoskeletal proteins. PLEKKH2 is homologous to the headless myosinX isoform (76.9% identity) (56, 57) . MAX-1, the ortholog of headless myosinX in Caenorhabditis elegans plays a role in axon guidance by modulating the netrin receptor signaling pathway (58) . A potential role of PLEKHH2 in GPCR signaling has never been reported before.
The chloride intracellular channel CLIC proteins are not well characterized at the functional level. These proteins are expressed in a wide variety of tissues in multicellular organisms and can be found associated to specific cellular membranes. CLIC proteins are capable in vitro of changing conformation from a globular, soluble state to a membrane-inserted state in which they provide chloride conductance. Several members of the family associate with the actin cytoskeleton, both in vitro and in vivo. Interestingly, several CLIC family members have been linked to GPCR signaling. Hence, CLIC6 interacts with the dopamine D2-like GPCR (59) and CLIC4 was shown to interact with the histamine H3 GPCR (60) . In addition, CLIC4 was found to translocate to the plasma membrane upon G12-coupled LPA receptor simulation (52) . However, the CLICs have not been identified by phosphoproteome analysis upon activation of GPCR. This could be because of the fact that the residues found to be necessary for translocation of CLIC4 are not phosphorylated but belong to the conserved redox-sensitive domain (52) . Although, the mechanism of translocation was well characterized in this previous study, no function for CLIC4 was established in GPCR signaling.
We found that the fluorescent CLIC2 translocates from actin-enriched plasma membrane bundles to cell-cell junctions upon NK2 receptor activation, and also upon activation of endogenously expressed Gq-coupled muscarinic M3 and G12-coupled LPA receptors. We further show that CLIC4 displays the same intracellular localization and the same response to GPCR activation. Although CLIC2 is mainly described as interacting and regulating the Ryanodine receptor intracellular calcium releasing channel on the endoplasmic reticulum ER membrane (61), CLIC4, has already been found associated with cell-cell junctions (62) . Our study thus proposes for the first time that CLIC2 plays a role in GPCR signaling and that CLIC2 and CLIC4 could participate in the organization of cellular junctions upon GPCR activation. Of note, we also observed the translocation of SPATC1L at cellular junctions after NK2 receptor activation, suggesting that GPCR signaling could regulate junction formation.
CONCLUSION
This screen selected positive clones based on a wider spectrum of criteria than screens that search for interacting partners, such as two-hybrid screens. On the other hand, it was less systematic than the phosphoproteomic approaches that have been applied to find the signaling pathways of a given GPCR. However, the results are complementary with the phosphoproteomic approaches and give additional insight by way of localization. The functions of ARHGAP12, SPATC1L, PLEKHH2, and the CLIC proteins remain unclear and the information concerning their localization, and their response by changes in intracellular localization are important for understanding their roles. With the development of highcontent screening imaging apparatuses, this type of screening is becoming more easily applicable to decipher the function of cytoplasmic proteins and to indicate in which cascade of biological response they participate.
